r Missense mutations in the gene encoding the α1 subunit of the skeletal muscle voltage-gated Ca 2+ channel induce type 1 hypokalaemic periodic paralysis, a poorly understood neuromuscular disease characterized by episodic attacks of paralysis associated with low serum K + .
r Acute expression of human wild-type and R1239H HypoPP1 mutant α1 subunits in mature mouse muscles showed that R1239H fibres displayed Ca 2+ currents of reduced amplitude and larger resting leak inward current increased by external acidification.
r External acidification also produced intracellular acidification at a higher rate in R1239H fibres and inhibited inward rectifier K + currents.
r These data suggest that the R1239H mutation induces an elevated leak H + current at rest flowing through a gating pore and could explain why paralytic attacks preferentially occur during the recovery period following muscle exercise.
Abstract Missense mutations in the gene encoding the α1 subunit of the skeletal muscle voltage-gated Ca 2+ channel induce type 1 hypokalaemic periodic paralysis, a poorly understood neuromuscular disease characterized by episodic attacks of paralysis associated with low serum K + . The present study aimed at identifying the changes in muscle fibre electrical properties induced by acute expression of the R1239H hypokalaemic periodic paralysis human mutant α1 subunit of Ca 2+ channels in a mature muscle environment to better understand the pathophysiological mechanisms involved in this disorder. We transferred genes encoding wild-type and R1239H mutant human Ca 2+ channels into hindlimb mouse muscle by electroporation and combined voltage-clamp and intracellular pH measurements on enzymatically dissociated single muscle fibres. As compared to fibres expressing wild-type α1 subunits, R1239H mutant-expressing fibres displayed Ca 2+ currents of reduced amplitude and a higher resting leak inward current that was increased by external acidification. External acidification also produced intracellular acidification at a higher rate in R1239H fibres and inhibited inward rectifier K + currents. These data indicate that the R1239H mutation induces an elevated leak H + current at rest flowing through a gating pore created by the mutation and that external acidification favours onset of muscle paralysis by potentiating H + depolarizing currents and inhibiting resting inward rectifier K + currents. Our results could thus explain why paralytic attacks preferentially occur during the recovery period following intense muscle exercise. 
Introduction
Type 1 hypokalaemic periodic paralysis (HypoPP1) is a genetic human neuromuscular disorder characterized by transient failure of muscle excitability occurring in association with hypokalaemia and triggered by rest after strenuous exercise or carbohydrate load (Lehmann-Horn et al. 2004; Cannon, 2015) . This pathology is caused by missense mutations in the gene encoding the α1 subunit of the dihydropyridine receptor or Cav1.1, which fulfils the dual function of voltage-gated Ca 2+ channel and voltage sensor of the excitation-contraction coupling in skeletal muscle (Rios & Pizarro, 1991; Jurkat-Rott et al. 1994; Melzer et al. 1995; Ptacek et al. 1994; Schneider, 1994) . The α1 subunit is composed of four homologous domains (I-IV), each of which contains six membranespanning segments (S1-S6) (Catterall, 2011) . Upon depolarization, S4 segments enriched with positively charged residues translocate through a 'gating pore' pathway (Gandhi & Isacoff, 2002) conferring in this way voltage dependence to channel opening and sarcoplasmic reticulum Ca 2+ release. Among the HypoPP1 mutations identified so far, all except one consist in substitutions at positively charged arginine residues in S4 segments (Ke et al. 2009; Cannon, 2010; Matthews & Hanna, 2010; Jukat-Rott et al. 2012 , Moreau et al. 2014 . A clue toward deciphering the functional link existing between substitutions of arginine residues and transient loss of muscle excitability was provided by site-directed mutagenesis experiments in the closely structurally related voltagedependent K + or Na + channels, showing that replacement of the outermost arginine by histidine in S4 segments generated a gating pore inward proton current at hyperpolarized potentials (Starace & Bezanilla, 2004; Sokolov et al. 2005; Tombola et al. 2005) . Before this gating pore was discovered, early studies revealed the existence of a pathogenic depolarizing inward current triggered by reducing extracellular K + in HypoPP fibres (Rüdel et al. 1984; Ruff, 1999) . More recently, experiments in fibres from human muscle biopsies revealed an elevated leak current at hyperpolarized potentials in low K + in patients carrying HypoPP1 mutations and muscle fibres from a transgenic mouse model for HypoPP1 were also shown to exhibit elevated leak currents at rest (Jurkat-Rott et al. 2009; Wu et al. 2012) . However, the ion carried by this leak current was not determined. Moreover, Cav1.1-related HypoPP1 causes progressive vacuolar myopathy associated with muscle ultrastructural abnormalities in transgenic mice and oedema or fatty muscle degeneration in patients that might be responsible for a change in muscle electrical properties. Adaptive compensatory mechanisms may also develop in these models and overcome the direct functional effects induced by the mutation.
In the present study, we have been able to acutely express in adult mouse muscles the human wild-type (WT) α1 subunit and the human HypoPP1-related R1239H mutant α1 subunit carrying the mutation in the second outermost arginine of the S4 segment in domain IV, which is associated with the most severe phenotype in terms of paralytic attack frequency (Jurkat-Rott et al. 2009 ). Our data indicate that the mutation induced mild changes in the properties of the voltage-gated Ca 2+ current but generated an elevated leak inward current at negative voltages likely corresponding to a gating pore current. Measurements of the leak current, of the current through the inward rectifier K + channel and of the intracellular pH changes in response to external acidification demonstrated that the gating pore current carries protons and that external acidification could represent a precipitating factor of paralysis.
Methods

Ethical approval
All experiments were carried out according to the ethical principles of the French Ministry of Agriculture, the French Department of Veterinary Services and the French Ministry for Higher Education and Research and conform to the principles and regulations of The Journal of Physiology as described by Grundy (2015) . The experimental protocol for in vivo transfection was approved by the Lyon University Animal Experimentation Committee.
In vivo gene transfer and isolation of muscle fibres
Experiments were performed using 4-to 8-week-old male OF1 mice (Charles River Laboratories, L'Arbresle, France). Expression was achieved by in vivo plasmid transfer using a previously described electroporation procedure with minor modifications (DiFranco et al. 2006; Weiss et al. 2008) . Mice were anaesthetized by isoflurane inhalation using a commercial delivery system (Univentor 400 Anaesthesia Unit, Uninventor, Zejtun, Malta). Then, 20 μl of a solution containing 2 mg ml −1 hyaluronidase dissolved in sterile saline was injected into the footpads of each hindpaw. One hour later the mouse was re-anaesthetized by isoflurane inhalation. A 20 μl aliquot of 10 μg μl −1 of the plasmid was injected within the ventral side of the posterior paws through a 29-gauge needle (Terumo, Leuven, Belgium). The paw was then placed between two flat platinum electrodes and two series of 10 pulses of 170 V cm −1 amplitude of 20 ms duration were applied at 1 Hz (ECM 830 Electro Square Porator, BTX). Injected plasmids encoded for C-terminal turbo-green fluorescent protein (GFP)-tagged wild-type or R1239H human CACNA1S, the gene encoding the α1 subunit of the skeletal muscle Ca 2+ channel (Origene, Rockville, MD, USA). Muscle fibre isolation was carried out 30 ± 5 days later, a H + current in hypokalaemic periodic paralysis 6419 latency period which led to the highest expression and tubular localization of the exogenous proteins. Mice were killed by cervical dislocation before removal of interosseal muscles. Single fibres were isolated by a 50 min enzymatic treatment at 37°C using a Tyrode solution containing 2 mg ml −1 collagenase type I (Sigma-Aldrich, Saint-Quentin-Fallavier, France).
Electrophysiology
Fibres were voltage-clamped using the silicone clamp technique as previously described (Robin & Allard, 2015) . The major part of a single fibre was electrically insulated with silicone grease and a micropipette was inserted into the fibre through the silicone layer to voltage clamp the portion of the fibre free of grease (50 to 100 μm length) using a patch-clamp amplifier (RK-400; Bio-Logic, Claix, France) in whole-cell configuration. Command voltage and data acquisition were performed using pCLAMP10 software (Molecular Devices, Sunnyvale, CA, USA) driving an A/D converter (Digidata 1400A, Molecular Devices). Analog compensation was systematically used to decrease the effective series resistance. The tip of the micropipette was then crushed into the dish bottom to allow intracellular dialysis of the fibre with the intra-pipette solution. Cell capacitance was determined by integration of a current trace obtained with a 10 mV hyperpolarizing pulse from the holding potential and was used to calculate the density of currents (A F −1 ). For Ca 2+ currents measurements, leak currents were subtracted from all recordings using the same pulse preceding every test pulse supposing a linear evolution of leak current with depolarization. The voltage dependence of the mean Ca 2+ current density was fitted using the following equation: 
Measurement of pH i
The pH i indicator 2 ,7 -bis-(2-carboxyethyl)-5-(and 6)-carboxyfluorescein (BCECF, Thermo Fisher Scientific, Waltham, MA, USA) was added at 100 μM in the internal pipette solution. The pH-dependent signal was obtained by alternatively illuminating the cell at 490 and 440 nm through an optical fibre using a monochromator (Cairn Research, Faversham, UK) and imaging fluorescence above 510 nm using a ×40 oil-immersion objective and a CoolSNAP EZ charge-coupled device camera (Roper Scientific, Evry, France). For the conversion of fluorescence ratios into pH i , each fibre was exposed at the end of the experiments to solutions buffered at pH 5.5, 7 and 8 in the presence of the proton ionophore nigericin (Fig. 1) . The three measured fluorescence ratios were converted into pH values by fitting the relationship between these ratios and pH i with the following equation:
where pK a is -log dissociation constant, R the 490/440 ratio measured at pH 5.5, 7 and 8 and R min and R max the ratios of the dye in its H + -free and H + -bound state respectively. The mean pK a obtained was 6.76 ± 0.026 in WT and 6.88 ± 0.049 in R1239H, values which were both close to the values obtained in vitro. A B Figure 1 . Calibration of the pH-sensitive indicator BCECF A, recording of the changes in BCECF fluorescence ratio in a WT fibre held at −80 mV in response to acidification of the external Tyrode solution and exposure to the calibration solutions. After challenging the cell with the pH 5 buffered external solution and returning to pH 7.2, the external solution was slowly exchanged for a 140 mM K-containing solution with 10 μM nigericin added and buffered at pH 7, then 8 and finally 5.5. This protocol was applied in each WT and R1239H fibre tested. B, recording of the corresponding changes in pH i induced by acidification of the external solution in the same fibre as in A after conversion of the fluorescence ratios into pH values using the 3 fluorescence ratios measured in the presence of the 3 calibrating solutions. and 8 where the internal solution was free of EGTA. For BCECF calibration, fibres were exposed at the end of the experiment to solutions containing (in mM) 140 potassium glutamate, 2 MgCl 2 , 10 HEPES or MES adjusted to pH 8, 7 or 5.5 with KOH or MeSO 3 acid in the presence of the proton ionophore nigericin (10 μM). Fibres were dialysed with the intracellular solution through the micropipette during 20 min prior to starting the experiments. Nigericin (Sigma-Aldrich) was dissolved in dimethyl sulfoxide at 10 mM. Cells were exposed to different solutions by placing them in the mouth of a perfusion tube, from which the rapidly exchanged solutions flowed by gravity. Experiments were carried out at room temperature.
Statistics
Fits were performed with Origin (OriginLab Corp., Northampton, MA, USA). Data are given as means ± SEM and compared using Student's unpaired two-tailed t test (or paired when mentioned). Differences were considered significant when P < 0.05. Labels * , * * and * * * indicate P < 0.05, P < 0.005 and P < 0.0005, respectively.
Results
Expression of WT and R1239H HypoPP1 mutant Ca
2+ channel α1 subunits in mouse muscle fibres
Genes encoding turboGFP-tagged human WT and R1239H HypoPP1 mutant α1 subunits of the Ca 2+ channel were transfected by electroporation into adult hindlimb mouse muscles (Fig. 2) . Confocal fluorescence images revealed for the two channels a regular striated pattern of expression perpendicular to the longitudinal axis of the fibre (Fig. 2C and D) . The fluorescence intensity profile showed periodic peaks of high intensity fluorescence in doublets with a spacing of about 2 μm consistent with proper localization of both WT and R1239H channels in the t-tubule membrane system ( Fig. 2E and F) . These GFP-positive fibres were selected for voltage clamping.
Comparison of voltage-gated Ca
2+ currents properties in fibres expressing WT and R1239H α1 subunits
We first investigated the changes in the properties of the L-type voltage-gated Ca 2+ currents induced by the R1239H mutation. Fitting a Boltzmann equation in each cell indicated that the mean maximal conductance and the steepness factor of the voltage dependence of the currents were significantly reduced in R1239H fibres as compared to WT fibres. Reversal potential and half-maximal activation were also significantly shifted towards negative voltages in R1239H fibres (Fig. 3) .
Comparison of background currents and resting conductance in WT and R1239H fibres
We first noticed that the background current at −80 mV was significantly more inward in R1239H fibres (−5.08 ± 0.47 A F −1 , n = 51) as compared to WT fibres (−3.55 ± 0.21 A F −1 , n = 46, P = 0.0058). Then, using the same internal and external solutions as those used for voltage-gated Ca 2+ currents recordings, fibres were challenged with hyperpolarizing voltage ramps bringing the internal potential to −120 mV from starting potentials of 0, −20, −40 or −60 mV. Figure 4A shows that the currents were markedly more inward over the −30 to −120 mV voltage range in R1239H fibres when the starting holding potential was 0 mV (−6.59 ± 0.58 A F −1 in R1239H fibres, versus −4.73 ± 0.25 A F −1 in WT fibres at −80 mV, P = 0.003) and, on average, the resting slope conductance measured on the linear portion between −120 and −80 mV was found to be significantly higher in R1239H as compared to WT fibres (Fig. 4B) . We hypothesized that this elevated membrane conductance at negative voltages resulted from the development of a gating pore current through the mutated Ca 2+ channels in R1239H fibres. Because experiments performed on the voltage-gated Na + channel mutant R666G indicated that the gating pore was substantially larger after maintaining the cell membrane at depolarized potentials (Sokolov et al. 2010) , we tested starting potentials of 0, −20, −40 or −60 mV held for 1 min before applying the ramps. Figure 4B shows that the leak conductance was not affected by the initial value of the holding potential.
Effects of a change in external pH on resting conductance in WT and R1239H fibres Replacement of arginine residues with histidine in S4 segments have been shown to create a pore selectively permeable to protons in voltage-gated K + and Na + channels (Starace & Bezanilla, 2004; Struyk & Cannon, 2007) . We thus hypothesized that the elevated leak current at negative voltages in fibres expressing mutant R1239H Cav1.1 carries protons. In order to test proton permeation, we investigated the effects of external acidification to augment the inward electrochemical gradient for protons on background membrane currents elicited by descending voltage ramps. Figure 5A shows that a decrease of external pH from 7.2 to 6, which shifts the electrochemical gradient for protons by 70 mV toward positive values, made the currents more inward for potentials more negative than −40 mV in an R1239H fibre. On average, the current was very significantly increased from −6.14 ± 0.74 A F −1 at pH 7.2 to −7.07 ± 0.8 A F −1 at pH 6 at −80 mV (P = 0.0001, paired t test) (Fig. 5B) . Surprisingly, this effect was also observed in WT fibres but to a much lesser extent (−4.53 ± 0.33 A F −1 at pH 7.2 to −4.94 ± 0.37 A F −1 at pH 6 (P = 0.047, paired t test) (Fig. 5C) . Subtracting in each cell the current obtained at pH 7.2 from the current obtained at pH 6 (Fig. 5A) revealed a current displaying an inward rectification in both fibre types but of significantly larger amplitude in R1239H fibres (−0.94 ± 0.18 A F −1 at −80 mV) as compared to WT fibres (−0.41 ± 0.17 A F −1 , P = 0.044) at −80 mV (Fig. 5D) . Given the composition of the external solution used in these experiments we thought it very unlikely that the increase of the leak inward current induced by external acidification in WT and in R1239H fibres resulted from a modification of the conductance or the gating properties of Na + , K + or Ca 2+ currents or involved a co-transporter. The external medium contained Cl − , but, although Cl − conductance is known to be by far the most prominent in resting muscle, the low concentration used (7 mM) should minimize its contribution. More importantly, external acidification has been reported to reduce Cl − conductance in muscle (Hutter & Warner, 1967; Palade & Barchi, 1977) , an effect opposite to the increase in conductance observed in the present study. It is thus very likely that the increase in the inward current elicited by external acidification arose from an increase of the inward electrochemical gradient that potentiates a proton selective current. Finally, it has to be noticed that this acid-induced increase in the background membrane current was also observed in fibres from non-transfected mouse muscles.
Changes in intracellular pH induced by external acidification in WT and in R1239H fibres
Our electrophysiological data indicate that a proton conductance is constitutively active at negative potentials in WT fibres and in R1239H fibres but is elevated in R1239H fibres possibly because of the presence of an additional proton flux through the gating pore induced by the mutation. In order to confirm elevated proton permeation in R1239H fibres, we measured the rate of pH i changes induced by a decrease of external pH in fibres held at −80 mV in the presence of the same external solution as the one used for the measurements of the Ca 2+ and background currents. Figure 6 shows in an R1239H fibre that the fluorescence ratio of the pH indicator decreased as soon as the pH of the external solution was changed, indicating that a transmembrane influx of protons occurred and led to intracellular acidification. This effect was partially reversible upon return to pH 7.2. As expected, measurement of the background current at −80 mV and of the membrane conductance revealed that acidification was associated in a reversible manner with the development of an inward current (Fig. 6A ) and an increase in the membrane conductance (Fig. 6B) . It is worth noting that the current became more inward and stabilized as soon as the external pH was decreased, ruling out the possibility that the change in the current was secondary to a change in pH i . Linear regression analysis of the fluorescence ratio decrease over the first minute of external acidification indicated that it was significantly higher in R1239H fibres as compared to WT fibres. These data suggest that an influx of protons occurs upon external acidification in both fibre types but is larger in R1239H fibres.
Acid-induced changes in pH i in WT and in R1239H fibres in the presence of an external physiological solution
We next considered the possibility that the gating pore current in R1239H fibres, which adds to the constitutive resting proton current, could be forced to carry protons when other monovalent cations are absent from the extracellular medium but does not carry protons in the presence of a physiological solution. In order to test this possibility, we measured the rate of intracellular acidification induced by a decrease of external pH in the presence of a Tyrode solution. In this series of experiments, the pH-sensitive indicator was also calibrated to determine the absolute pH i values. Figure 1B gives an example of the change in pH i induced by external acidification in a WT fibre after calibration of the indicator. On average, the rate of intracellular acidification produced by external acidification at −80 mV was significantly higher in R1239H as compared to WT fibres in response to external acidification (Fig. 7) . There also was a trend toward a lower mean basal value of pH i in R1239H fibres (7.26 ± 0.07, n = 17) as compared to WT fibres (7.50 ± 0.16, n = 15) (P = 0.085) when pH i was measured just at the end of the dialysis period with the dye-containing internal solution. C D Figure 5 . Effect of external acidification on leak currents in WT and R1239H fibres A, currents evoked by voltage ramps applied from a holding potential of 0 mV at an external pH of 7.2 and 6 and current difference in the same R1239H fibre. B, means and SEM of current densities evoked by voltage ramps applied from a holding potential of 0 mV at an external pH of 7.2 and 6 in R1239H fibres. C, means and SEM of current densities evoked by voltage ramps applied from a holding potential of 0 mV at an external pH of 7.2 and 6 in WT fibres. D, mean differences and SEM between currents evoked by voltage ramps applied from a holding potential of 0 mV at pH 6 and at pH 7.2 in WT and in R1239H fibres. The number of data points has been reduced for clarity.
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Effect of external acidification on background membrane currents in the presence of an external physiological solution
During the course of the preceding experiments performed in physiological solution, we observed that external acidification gave rise in both fibre types to changes in the background current and membrane conductance opposite to changes observed in the presence of the external TEA-MeSO 3 -containing solution, i.e. an outward-going change in the background current at −80 mV associated with a reduction of membrane conductance (Fig. 8A ). This result indicates that external acidification induces modification of another conductance that dominates over the potentiation of the inward H + current produced by external acidification. We hypothesized that this conductance could correspond to the inward rectifier K + (Kir) conductance which is known to be the most effective in maintaining the resting membrane potential in skeletal muscle and highly active at negative voltages. In order to investigate the effects of external acidification on Kir currents, descending voltage ramps were applied in control fibres from non-electroporated muscles from a holding potential of −40 mV to −120 mV in the presence of an external solution containing 20 mM K + to magnify Kir conductance. Ramps were successively applied in the same fibre in the presence of the K + -rich solution buffered at pH 7.2, at pH 6 and then with the well-known Kir channel blocker Ba 2+ added at 0.5 mM in these two K + -rich solutions. As expected, the Ba 2+ -sensitive current which we refer to as Kir current displayed an inward rectification and tended to reverse at a value close to the theoretical K + equilibrium potential of −49 mV (Fig. 8B ). In accordance with the reduced conductance observed upon acidification in the preceding experiments, Kir currents were found to be significantly reduced at acidic external pH (Fig. 8B and C) . Interestingly, in the presence of Ba 2+ , acidification induced the opposite effect, i.e. an increase of the background inward current, suggesting that a proton current is potentiated when Kir channels are blocked as observed in the presence of the TEA-MeSO 3 -containing external solution H + current in hypokalaemic periodic paralysis 6425 (Fig. 8C) . Again, the fact that the change in the background current occurred and stabilized as soon as the external pH was decreased excluded the possibility that inhibition of Kir channels was secondary to a change in pH i . Finally, we noticed there was a trend toward a less pronounced reduction in membrane conductance induced by external acidification at −80 mV in R1239H fibres (5.1 ± 1.41 %, n = 9) as compared to WT fibres (7.8 ± 2.16 %, n = 9) suggesting that acidification promoted an additional larger increase in conductance in R1239H fibres likely corresponding to the proton gating pore.
Discussion
Our study reports the functional effects of transfecting human WT and HypoPP1 mutant α1 subunits of the muscle voltage-gated Ca 2+ channel in mammalian skeletal muscle fibres. Probing human Ca 2+ channel function in transfected fibres first revealed that the channel conductance was reduced and the voltage dependence of activation shifted toward negative potentials in the human HypoPP1 R1239H mutant as compared to human WT Cav1.1. These changes are likely underestimated considering that endogenous murine channels are not totally replaced by transfected constructs. A reduction in current density has also been found in other model systems expressing either the same R1239H mutant Cav1.1 or the closely related HypoPP1 mutant R528H channel while the voltage dependence was shown to be normal, shifted toward negative potentials or shifted toward positive potentials depending on the model used (Sipos et al. 1995; Lapie et al. 1996; Jurkat-Rott et al. 1998; Morrill et al. 1998; Morrill & Cannon, 1999; Wu et al. 2012) . Whatever the changes in voltage dependence, and although a reduction in the voltage-gated Ca 2+ channel conductance may have detrimental effects on muscle force during prolonged activity (Robin & Allard, 2015) , these alterations in the Ca 2+ channel properties cannot readily explain the attacks of weakness reported to occur at rest in this disease.
One of the main finding of our study was that the R1239H mutation induced the development of an elevated leak inward current at negative resting potentials. It is known that the neutralization of arginine residues in the outer portion of a voltage sensor S4 segment in the closely structurally related recombinant voltage-gated K + or Na + channels induces the development of a gating pore current at hyperpolarized potentials (Starace & Bezanilla, 2004; Sokolov et al. 2005) . This also seems to be true for the voltage-gated Ca 2+ channel when the second outermost arginine of the S4 segment in domain IV is replaced by histidine since we found in the present 2 and 6 in 6 control fibres. Each cell was exposed to 4 solutions, a Tyrode solution buffered at pH 7.2, a Tyrode solution buffered at pH 6, either with or without 0.5 mM Ba 2+ . In each cell, currents were normalized to the current obtained at −120 mV in the presence of the Tyrode solution buffered at pH 7.2. The two mean current-voltage relationships were obtained, respectively, after the following substractions: the currents obtained at pH 7.2 in the absence of Ba 2+ minus the currents obtained at pH 7.2 in the presence of Ba 2+ (•), and the currents obtained at pH 6 in the absence of Ba 2+ minus the currents obtained at pH 6 in the presence of Ba 2+ ( ). C, mean currents measured at −80 mV after normalization to the current obtained at −120 mV in the 4 solutions used and after subtraction. Values were compared using paired t tests. 595.20 study that the leak current was augmented on average from −3.55 to −5.08 A F −1 at −80 mV and the resting membrane conductance measured between −120 and −80 mV increased by 19.6 S F −1 in fibres expressing the R1239H mutant Cav1.1 for a starting holding potential of 0 mV (Fig. 3B) . The only study reporting an elevated leak current for the R1239H mutation was performed on fibres collected from HypoPP1 patients (Jurkat-Rott et al. 2009) . In this work, the leak conductance amounted to 19.5 μS cm −2 , which is twice the conductance of 19.6 S F −1 we obtained in the present study, considering that human patients are heterozygous for the mutation. This discrepancy could arise from the fact that in our experimental conditions transfected channels stand together with endogenous channels and might indicate that about 50% of endogenous channels are replaced by transfected mutant channels. Our value of conductance also agrees quite well with the range of values obtained for the R528H mutation in homozygous mouse fibres (28 nS nF −1 ) and in human heterozygous fibres (12 nS nF −1 ), and for the newly identified normokalaemic periodic paralysis R1242G mutant Cav1.1 expressed in myotubes (27.5 S F −1 ) that gives rise to a gating pore current activated by depolarization (Jurkat-Rott et al. 2009; Wu et al. 2012; Fan et al. 2013) .
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By manipulating the pH value of the external solution, we demonstrated that the gating pore current is mainly carried by protons. A shift of the electrochemical gradient for protons of 70 mV toward positive values made the background current significantly more inward at negative voltages in R1239H fibres. Surprisingly, an acid-induced change in the resting background current was also observed in WT fibres. To our knowledge, our study is the first to provide evidence for the existence of a proton conductance active at rest in skeletal muscle. The molecular identity of the channel that underlies this current is not known, but this channel seems to share comparable properties to pathways identified in sour taste cells and osteoclast-like cells where external acidification also induced the development of an inward proton current (Chang et al. 2010; Kuno et al. 2016) . In particular, the proton current here described displayed an inward rectification for voltages lower than −40 mV, which also distinguishes it from the current flowing through voltage-activated proton channels (Bernheim et al. 1993 ). More importantly, the H + current was found to be larger in R1239H fibres, which likely suggests that the gating pore current responsible for the higher leak in fibres expressing HypoPP1 mutant Cav1.1 carries at least partially protons. This result agrees well with the results obtained with voltage-gated K + and Na + channels, which also show that comparable amino acid substitution generates a proton current at hyperpolarized voltages which rectifies in the inward direction (Starace & Bezanilla, 2004; Struyk & Canon, 2007) . Monitoring of changes in pH i allowed us to confirm that an elevated influx of protons occurred in R1239H fibres since the rate of intracellular acidification evoked by external acidification at −80 mV was significantly higher in these fibres in the presence of the TEA-MeSO 3 -containing solution but also in the presence of Tyrode solution. Although we cannot exclude that cations other than protons flow through the gating pore, these data indicate that the influx of protons is enhanced in R1239H fibres and thus again demonstrate that this influx very largely contributes to the gating pore inward current. It has to be noted that the magnitude of resting proton conductance and influx here monitored should have been exacerbated as compared to in vivo conditions in particular because of the presence of a HEPES buffer-containing external solution instead of a CO 2 /HCO 3 buffer, which should increase the inward driving force for protons by slightly alkalizing the intracellular solution (Westerblad & Allen, 1992) . Additionally, this series of experiments revealed that external acidification had an inhibitory effect on Kir channels in parallel with promoting proton influx. Inhibition of Kir channels by extracellular and intracellular protons is well documented (Hibino et al. 2010) but inhibition by a reduction in extracellular pH has never been reported in mammalian skeletal muscle. This kind of regulation is yet critical for muscle excitability because it implies that extracellular acidosis has two cumulative detrimental effects, firstly by inhibiting Kir channel conductance and secondly by potentiating a depolarizing inward proton current.
In this respect, our study may point to new pathophysiological mechanisms relevant for the HypoPP1 disease. Intense muscle exercise is known to be associated with production of H + ions which accumulate intracellularly and which are also released in the muscle interstitium and in the blood leading to acidosis (Juel, 2008) . During exercise, interstitial pH and blood pH decrease in parallel with intracellular pH, although to a lesser extent, so that the inward driving force for external protons should be slightly reduced and Kir channels inhibited but not so as to compromise excitability since attacks of paralysis do not occur during the period of exercise. However, after muscle exercise of heavy intensity, while intramuscular pH returns to resting level with a half-time recovery of about 5 min (Juel et al. 1990 ), arterial blood pH was shown to remain acidic much longer and did not recover even 30 min after the end of the exercise (Stringer et al. 1992; Juel et al. 2004) . Measurements of interstitial pH during and after exercise have provided contradictory data (Allsop et al. 1990; Lott et al. 2001; Street et al. 2001) , but the sustained acidification of arterial blood after cessation of exercise suggests that it is during the recovery period that the inward driving force for protons is the highest and consequently the leak proton inward current through the gating pore maximal. An inhibiting effect of acidosis on Kir channel H + current in hypokalaemic periodic paralysis 6427 activity should also add to this inward depolarizing current. These combined depolarizing actions should then favour the occurrence of paralytic attacks at rest after intense muscle exercise, a condition routinely reported to trigger episodes of paralysis in HypoPP. In parallel with acidosis, hypokalaemia is an aggravating event mediated by the Na + ,K + -ATPase activity that also occurs during the post-exercise periods. Na + ,K + -ATPase in muscle is indeed over-activated not only during exercise but also during a prolonged period following exercise (Clausen, 2003) . By causing a shift of K + from plasma into muscle cells, this increased activity efficiently counterbalances the increase in extracellular and blood K + occurring during exercise but causes sustained hypokalaemia in periods following exercise when muscle K + loss has ceased. In this way, hypokalaemia and acidosis in the post-exercise period constitute two factors precipitating paralysis by inhibiting Kir channels and promoting proton gating pore current, causing depolarization and eventually inactivation of voltage-dependent Na + channels.
